BACKGROUND-Oncogenic fusion genes consisting of EML4 and anaplastic lymphoma kinase (ALK) are present in a subgroup of non-small-cell lung cancers, representing 2 to 7% of such tumors. We explored the therapeutic efficacy of inhibiting ALK in such tumors in an early-phase clinical trial of crizotinib (PF-02341066), an orally available small-molecule inhibitor of the ALK tyrosine kinase.
survival was 72%, with no median for the study reached. The drug resulted in grade 1 or 2 (mild) gastrointestinal side effects.
CONCLUSIONS-The inhibition of ALK in lung tumors with the ALK rearrangement resulted in tumor shrinkage or stable disease in most patients.
Specific genetic lesions that drive the proliferation of cancer cells render some cancers sensitive to therapeutic inhibitors targeting the mutated pathway. For example, inhibitors of the epidermal growth factor receptor (EGFR) have produced consistent responses in a subgroup of patients with non-small-cell lung cancer with activating EGFR mutations. [1] [2] [3] Such findings suggest that patients' outcomes may be optimized by testing tumors for specific mutated pathways and directing therapies against those mutant pathways.
Activating mutations or translocations of the anaplastic lymphoma kinase gene (ALK) have been identified in several types of cancer, including anaplastic large-cell lymphoma, 4 neuroblastoma, 5, 6 inflammatory myofibroblastic tumor, 7 and non-small-cell lung cancer. 8 In non-small-cell lung cancer, EML4-ALK is an aberrant fusion gene that encodes a cytoplasmic chimeric protein with constitutive kinase activity. Multiple distinct EML4-ALK chimeric variants have been identified, representing breakpoints within various EML4 exons, all of which are transforming in vitro 9, 10 ( Fig. 1 in the Supplementary Appendix, available with the full text of this article at NEJM.org). EML4-ALK is uncommon, occurring in 2 to 7% of all non-small-cell lung cancers, and is more prevalent in patients who have never smoked or who have a history of light smoking and in patients with adenocarcinomas. 8, [10] [11] [12] [13] [14] Other, rarer fusion partners for ALK (e.g., KIF5B and TFG) have also been reported in non-small-cell lung cancers. 15 Thus, ALK rearrangements may define a molecular subgroup of these tumors that is susceptible to targeted kinase inhibition.
In preclinical analyses of more than 600 cell lines derived from human cancers, an investigational selective ALK inhibitor specifically reduced the proliferation of cells carrying genetic alterations in ALK, supporting the role of ALK in malignant proliferation and as a valid drug target. 16 Crizotinib (PF-02341066, Pfizer) is an oral ATP-competitive selective inhibitor of the ALK and MET tyrosine kinases that inhibits tyrosine phosphorylation of activated ALK at nanomolar concentrations. 16, 17 We conducted an open-label, multi-center, two-part phase 1 trial of crizotinib to evaluate the adverse-event profile and efficacy in an expanded cohort of patients with lung cancers carrying ALK rearrangements.
METHODS

STUDY DESIGN
We administered oral crizotinib on a continuous daily schedule in patients with advanced non-small-cell lung cancer. One cycle was defined as 28 days. The first part of the trial enrolled patients with any solid tumor refractory to standard therapy in a dose-escalation study to determine toxic effects and the maximum tolerated dose (i.e., the highest dose that would not cause unacceptable side effects). Details of dose escalation, toxic effects, and pharmacokinetics have been reported previously. 18 The study was conducted in accordance with the protocol, which is available at NEJM.org. On the basis of evidence of activity in two patients with non-small-cell lung cancer with ALK rearrangement who were treated during the dose-escalation period, we enrolled an expanded cohort of patients who had nonsmall-cell lung cancer with prospectively identified ALK rearrangement.
The protocol was approved by the investigational review board at each study center, and all patients provided written informed consent. The study was designed jointly by representatives of Pfizer and the investigators. Data were collected from the academic sites and analyzed by representatives of Pfizer. The primary data were made available to the investigators, who vouch for the results after independent review and analyses. The first draft of the manuscript was written by the corresponding author, with review and revision by the other coauthors.
PATIENTS
We evaluated 82 patients with ALK-rearranged advanced non-small-cell lung cancer who were enrolled through February 10, 2010. These patients underwent a baseline tumor assessment, received a dose of crizotinib on the first day of cycle 1, and underwent at least one post-baseline tumor assessment or discontinued the study before the first protocolplanned tumor assessment. We present safety and response data that were available in the database as of April 7, 2010 . Key eligibility requirements included ALK positivity on fluorescence in situ hybridization (FISH), measurable disease, adequate bone marrow and organ function, and resolution of all previous treatment-related toxic effects to grade 1 or less. Also required was an Eastern Cooperative Oncology Group performance status 19 between 0 (fully active and able to carry out all predisease performance without restriction) and 2 (ambulatory and capable of all self care but unable to carry out any work activities; up and about more than 50% of waking hours). There was no limit on the number of previous treatment regimens for any patient.
MOLECULAR SCREENING AND ANALYSES
Unstained slides from formalin-fixed, paraffin-embedded (FFPE) tumor samples were analyzed prospectively by means of FISH with the use of an ALK break-apart (or splitsignal) probe. 20 Samples were deemed to be FISH-positive if more than 15% of scored tumor cells had split ALK 5′ and 3′ probe signals or had isolated 3′ signals. Reversetranscriptase-polymerase-chain-reaction (RT-PCR) assays for specific EML4-ALK fusions and immunohistochemical analyses for ALK protein were performed retrospectively on a subgroup of FFPE tumor samples (for details, see the Supplementary Appendix). A total of 70 of 82 samples (85%) were confirmed to be FISH-positive by a central laboratory under standards and conditions certified according to the Clinical Laboratory Improvement Amendments.
TREATMENT
We escalated the doses of crizotinib from 50 mg once daily to 300 mg twice daily, using a standard dose-escalation design. Doses of 200 mg or more twice daily resulted in a mean plasma trough concentration of more than 120 ng per milliliter, the preclinically predicted effective concentration. During dose escalation, one patient with non-small-cell lung cancer with ALK rearrangement entered the cohort receiving 300 mg twice daily, and one entered a de-escalated cohort receiving 200 mg twice daily. Dose-limiting fatigue in the cohort receiving 300 mg twice daily led to the establishment of a regimen of 250 mg twice daily as the maximum tolerated dose. The expanded cohort with FISH-positive results for ALK rearrangement received 250 mg twice daily. Patients continued to receive therapy as long as they did not have progressive disease or intolerable side effects.
STUDY ASSESSMENTS
Patients were evaluated for safety at least once every 2 weeks for the first two cycles and then at least every 4 weeks thereafter. Radiologic assessments were performed at baseline and generally after every two cycles of treatment with the use of Response Evaluation Criteria in Solid Tumors (RECIST), version 1.0 (for details, see the Supplementary Appendix). Patients who had a partial response were scheduled to undergo confirmatory scans at least 4 weeks after the initial partial response. A window for radiologic assessment that varied by 1 week was allowed. However, three patients underwent computed tomographic (CT) scanning 6 weeks after treatment initiation and were classified as having stable disease. These three patients were not included in the calculation of the diseasecontrol rate (for patients with a complete or partial response or stable disease) at 8 weeks. At the discretion of the investigator, 18 F-fluorodeoxyglucose-positron-emission tomography ( 18 FDG-PET), 18 F-fluoro-3′-deoxy-3′-L-fluorothymidine-PET ( 18 FLT-PET), or both were performed. Graded adverse events were summarized and reported according to the National Cancer Institute's Common Terminology Criteria for Adverse Events, version 3.0 (http://ctep.cancer.gov/protocolDevelopment/electronic_applications/docs/ctcaev3.pdf).
STATISTICAL ANALYSIS
We calculated progression-free survival from the date of the first administration of crizotinib until the date of objective disease progression or death from any cause. We used the Kaplan-Meier method to estimate progression-free survival. All confidence intervals that are reported are two-sided. All analyses were performed with the use of SAS statistical software, version 9.2 (SAS Institute).
RESULTS
CLINICOPATHOLOGICAL CHARACTERISTICS
Two patients with non-small-cell lung cancer with FISH-positive results for ALK rearrangement who were treated with crizotinib during dose escalation had dramatic improvement in symptoms, prompting large-scale prospective screening for non-small-cell lung cancers with ALK rearrangement and enrollment into an expanded molecular cohort. From August 2008 through February 2010, the study centers screened approximately 1500 patients with non-small-cell lung cancers for ALK rearrangement with the use of FISH (Fig.  1A) . The protocol placed no restrictions on the subtypes of non-small-cell lung cancer that were submitted for screening. However, as the clinicopathological features associated with ALK positivity emerged, tumor samples that were screened were increasingly adenocarcinomas.
The characteristics of 82 patients who had tumors with FISH-positive ALK rearrangement are summarized in Table 1 . Patients tended to be younger than the average age of patients with lung cancer, with a history of never having smoked or of former light smoking (≤10 pack-years). However, five patients had a history of more than 10 pack-years, including three who had smoked for at least 35 pack-years. Tumors were found to be predominantly adenocarcinomas on histologic analyses (Fig. 1B, and Table 1 in the Supplementary Appendix), with signet-ring cells frequently seen. 20 Information on previous therapy was available for 81 patients, with 76 patients (94%) having received at least one previous therapy and 5 receiving first-line therapy with crizotinib (Table 1, and Table 2 in the Supplementary Appendix).
RESPONSE TO ALK INHIBITION
We evaluated 82 patients with FISH-positive ALK rearrangements, including 2 who were treated during dose escalation, for response and safety. Of these patients, 46 from study centers in the United States, Australia, and Korea met RECIST criteria for a confirmed partial response, and 1 met the criteria for a complete response, for an overall response rate of 57% (95% confidence interval [CI], 46 to 68). An additional group of 27 patients (33%) met criteria for stable disease, including 5 who had an unconfirmed partial response but who were classified as having stable disease because confirmatory CT results were not available by the cutoff date ( Fig. 2A) . The disease-control rate at 8 weeks was 87% (71 of 82 patients). A subgroup of unselected patients was also evaluated by 18 FDG-PET, and representative radiographic images of responses to therapy are shown in Figure 2B (and Fig.  2 in the Supplementary Appendix). Exploratory 18 FLT-PET scans were performed after one cycle of treatment in several unselected patients, with results supporting the clinical impression that responses to ALK inhibition can be rapid (Fig. 3 in the Supplementary Appendix).
Of the 82 patients, 6 (7%) had disease progression at the time of their first restaging scans. Two patients (Patients 1 and 2 ) had an increase of more than 20% in disease burden after two cycles of therapy ( Fig. 2A) . Three patients (Patients 4, 8, and 20) had stable disease in target lesions but concurrently had development of new lesions, so these patients were categorized as having progressive disease. One patient (Patient 16) had tumor regression of 25% on the basis of early CT scanning during cycle 1 but subsequently had an increase in tumor burden of more than 20% at the time of protocol-specified restaging. Two patients had abrupt clinical deterioration, which was probably caused by acute complications of disease (thrombosis and acute pulmonary hemorrhage), and could not be radiographically evaluated for response.
MOLECULAR ANALYSIS OF EML4-ALK BREAKPOINTS
The break-apart FISH assay detects disruption of the ALK locus but does not confirm EML4 as the partner fusion gene. Therefore, RT-PCR was used to analyze exon breakpoints in 31 patients with FISH-positive ALK rearrangements who had sufficient amounts of FFPE tumor material ( Fig. 1C and 3) . The most frequently identified genotype was exon 13 of EML4 fused to exon 20 of ALK (in 13 of 29 patients). EML4 exon 6, alternative exon 6b, exon 18, and exon 20 breakpoints were also observed (in 7 of 29 patients). An EML4-ALK fusion transcript could not be confirmed on RT-PCR in 9 patients, and the analysis failed in 2 additional patients. RT-PCR assays were unable to detect all known ALK rearrangements. Thus, the presence of RT-PCR-negative results suggests that either alternative EML4 exons were involved or that EML4 was not the ALK fusion partner in these patients. In the 29 analyzed samples, data were insufficient to correlate the presence of the EML4-ALK breakpoint with either smoking history or response rate (Fig. 3) . Immunohistochemical analysis of ALK in FFPE tumor sections with an anti-ALK rabbit monoclonal antibody 21 revealed positive ALK protein expression in all 25 samples that had sufficient tissue available ( Fig. 1D and 3 ). FISH-negative samples and normal lung tissues did not express ALK protein (data not shown).
Because crizotinib also inhibits the MET tyrosine kinase, tumors from 33 patients with available tissue were tested for MET amplification. All samples were negative, arguing against crizotinib's MET inhibitory activity as a determinant of response in these patients. In addition, none of the patients with ALK rearrangement had a concurrent mutation in EGFR (data not shown). This finding was noteworthy, since these patients shared several key clinical features with patients with EGFR mutations (adenocarcinoma histology and nonsmoking history).
SAFETY AND ADVERSE EVENTS
Safety data from 82 patients who were treated primarily with 250 mg twice daily in the expansion cohort are shown in Table 2 . Grade 1 nausea and diarrhea were the most commonly reported side effects. Mild visual disturbances were reported by 34 patients (41%). These events were most frequently described as trails of light following objects moving relative to the observer, particularly noticed during changes in ambient lighting from dark to light, often improving with length of time receiving therapy. No abnormalities were found in three of these patients who underwent detailed ophthalmologic examination. Increases in levels of hepatic transaminases were generally grade 1 or 2; however, grade 3 elevations in alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were observed in 4 patients (5%) and 5 patients (6%), respectively, usually with onset during cycle 2; 1 patient had a grade 4 elevation in ALT. These increases reversed on cessation of crizotinib, and 4 of 5 patients with elevated transaminase levels were able to resume treatment at a lower dose without recurrence of dose-limiting toxic effects. One patient with grade 3 ALT discontinued crizotinib because of recurrence of grade 3 ALT, despite dose reduction.
DURATION OF TREATMENT
Of the 82 patients, 63 (77%) continued to receive crizotinib after the data cutoff for this study (Fig. 4A) . The mean duration of treatment was 6.4 months, with follow-up ongoing. This trial was not designed to address progression-free survival as an end point; the responses seen in patients with ALK rearrangement were unanticipated at the time the protocol was written, and no statistically predetermined enrollment goal for ALK-positive patients was established. Furthermore, ALK-positive patients receiving crizotinib had a heterogeneous history of previous treatments. On the basis of these limitations, and with a median follow-up for progression-free survival of 6.4 months (95% CI, 5.5 to 7.2), the probability of progression-free survival at 6 months was estimated at 72% (95% CI, 61 to 83) (Fig. 4B ).
DISCUSSION
Our results show that a targeted inhibitor of ALK is effective against advanced non-smallcell lung cancers carrying activated ALK kinase. In 82 patients, the majority of whom had received multiple previous therapies, we observed an overall response rate of 57% (confirmed partial and complete responses) and a rate of stable disease of 33% (stable disease plus unconfirmed partial responses). The response rate is impressive, as compared with the approximate 10% response rate in such cancers that were treated with second-line chemotherapy. 22 The rate and speed of clinical response were similar to those shown by EGFR tyrosine kinase inhibitors in EGFR-mutant non-small-cell lung cancers, [23] [24] [25] [26] which suggests that ALK-positive tumors constitute a second genetically defined subgroup of oncogene-driven lung cancer that is highly susceptible to targeted therapy. It is notable that patients who were treated with therapeutic doses of crizotinib and whose tumors did not have known ALK abnormalities (including two patients with non-small-cell lung cancer who were treated during dose escalation) did not have a response to treatment, which was consistent with preclinical data 16 (data not shown).
The benefit that we observed from crizotinib therapy in ALK-positive patients is promising, with an estimated 6-month probability of progression-free survival of 72%; follow-up is ongoing. Since more than 90% of the patients in our study received crizotinib as at least a second-line therapy, our findings compare favorably with those in a meta-analysis involving patients with such tumors who were treated with second-line multiagent chemotherapy, which showed a median duration of progression-free survival of 14 weeks and a 6-month rate of progression-free survival of 27.2%. 25, 27 Therefore, targeted inhibition of ALK in genotyped patients may lead to improved survival, as compared with conventional chemotherapy. Because our discovery of crizotinib's activity in this population occurred so proximal to the identification of EML4-ALK ,8 it is difficult to determine the outcome of patients with ALK-positive disease after standard chemotherapy in the absence of ALK inhibition. However, preliminary data from a small number of patients who were retrospectively identified as having the ALK rearrangement suggest that ALK-positive tumors that are treated with platinum-based chemotherapy have a response that is similar to that of such tumors without ALK or EGFR mutations. 28 Crucial to the identification of a rare genetic subgroup was our ability to molecularly prescreen large numbers of non-small-cell lung cancers in real time and incorporate an expanded genotype-driven study into this phase 1 trial. The ALK rearrangement occurred in about 5% of patients who underwent screening. FISH positivity for ALK rearrangement was required for entry into the expanded cohort. However, the findings that patients with the ALK rearrangement had strong aberrant expression of the ALK protein and that many patients had positive results for the presence of EML4-ALK on RT-PCR assay raise the possibility that other diagnostic approaches could be used to identify ALK-rearranged tumors.
The use of prospective tumor genotyping has the potential to streamline drug development. Approximately 2 years after the initial report describing EML4-ALK rearrangement, 8 we first reported that ALK inhibition shrank tumors in a targeted population of patients with non-small-cell lung cancers. 18 Only 3 years after the initiation of the phase 1 trial, a phase 3 registration trial of crizotinib in ALK-positive patients started enrollment. In contrast, it took approximately 10 years to advance from the initially unsuccessful trials of EGFR inhibitors in nongenotyped patients to a randomized phase 3 trial that unequivocally showed the effectiveness of the EGFR inhibitor gefitinib, as compared with first-line chemotherapy, in EGFR-mutant tumors. 25 Prospective genotyping may also more effectively direct patients to the trials that are most likely to provide benefit. In the randomized phase 3 trial of gefitinib, the selection of patients on the basis of clinicopathological characteristics (e.g., adenocarcinoma histology and absent or light tobacco exposure) was successful in enriching the group for tumors with EGFR mutations. However, these characteristics alone were inadequate to predict which patients would have a response to gefitinib. 25 Among patients with a history of no smoking or light smoking who have adenocarcinoma, the genetic drivers of tumorigenesis include EGFR in 50% and ALK in a separate 20%, 25, 28 indicating that definitive molecular genetic categorization is critical to guide the selection of the appropriate targeted therapy. This concept is further supported by the finding that several patients in our trial had a heavy smoking history and yet had ALK-rearranged tumors that responded to crizotinib.
In conclusion, we have shown the importance and feasibility of prospective genotyping in an early clinical trial and have found that non-small-cell lung cancers with ALK rearrangement are highly sensitive to ALK kinase inhibition.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Panel A shows the best response of patients with ALK-positive tumors who were treated with crizotinib, as compared with pretreatment baseline. Numbers along the x axis indicate arbitrarily assigned subject numbers from 1 to 79. The bars indicate the percent change in tumor burden from baseline. Three study patients are not included in this plot: one patient was clinically assessed as having had a partial response, although the response was primarily in areas of nonmeasurable disease, so the patient was classified as having stable disease; two patients with abrupt clinical deterioration could not be assessed. Four patients had complete resolution of their target lesions but were classified as having had a partial response on the basis of stability in nontarget lesions. Eight patients had tumor shrinkage of more than 30% but were classified as having stable disease either because confirmatory scans were not available by the data-cutoff point (for five patients) or early restaging was performed at 6 weeks after crizotinib initiation (for three patients). The dashed line indicates a tumor reduction of 30% from baseline, the minimal percent decrease that constitutes a partial response, according to Response Evaluation Criteria in Solid Tumors. Panel B shows the results of CT with coronal reconstruction in a representative patient at baseline (left) and after two cycles of therapy (right). This patient had undergone previous left lower lobectomy. Figure 2A . Smoking history is reported in pack-years. The EML4-ALK genotype is reported as the EML4 exon that is fused to ALK, as assayed by nucleotide sequencing of RT-PCR products. U denotes undetermined for patients for whom RT-PCR assays using primers to ALK exon 20 along with EML4 exons 6, 13, and 18 produced no product. Blank fields indicate that adequate tumor samples were not available for analysis. ALK expression is reported as 0, 1+, 2+, or 3+, per convention for immunohistochemical analysis. ALT denotes alanine aminotransferase, and AST aspartate aminotransferase. † These adverse events occurred in at least 10% of the 82 patients. The adverse events that occurred in two patients who received crizotinib during dose escalation are included. The remaining patients started treatment at 250 mg of crizotinib twice daily. ‡ These grade 3 or 4 adverse events were evaluated in 82 patients; laboratory data were not always available for all 82 patients.
